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A B S T R A C T
Different methods to create and manipulate pore sizes in hydrogel fabrication are available, but
systematic studies are normally conducted with hydrogels made of synthetic chemical compounds as
backbones. In this study, a hydrogel made of natural and abundant protein in combination with different,
well-available techniques was used to produce different architectures within the hydrogel matrix. Pore
sizes and distribution are compared and resulting hydrogel properties like swelling ratio, resistance
towards external stimuli and enzymatic degradation were investigated. Porous hydrogels were
functionalized and two cancer cell lines were successfully adhered onto the material. With simple
methods, pores with a radius between 10 and 80 mm and channels of 25 mm radius with a length of
several hundreds of mm could be created and analyzed with laser scanning confocal microscopy and
electron microscopy respectively. Furthermore, the inﬂuence of different methods on swelling ratio,
enzymatic degradation and pH and temperature resistance was observed.
ã 2016 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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Hydrogels are insoluble networks that can maintain huge
amounts of water while keeping their insoluble form and structure
[1]. Because those materials can serve as an excellent growth
substrate for cells many approaches have been made to produce
artiﬁcial networks for 3D cell growth in order to trigger and alter
cellular behavior within those structures [2–4]. This is not only
important because it represents a more realistic environment for
cells than standard 2D approaches, but it also offers an enormous
amount of new possibilities for the growth of cells, especially for
stem cells and tumor models [5]. Numerous types of materials
have a variety of properties, especially pore sizes ﬂuctuates
strongly depending on the matrix. For cell culture or tissue
engineering applications, certain pore sizes in the material are
crucial for sufﬁcient oxygen transport throughout the matrix, the
removal of toxic compounds and the supply of enough space for
cellular outgrowth [6]. The properties and hence pore sizes of the
novel materials and play a tremendous role concerning the cell
type which should be cultivated and the application, with
differences for each intended use: neovascularization, skin or* Corresponding author.
E-mail address: Frank.rosenau@uni-ulm.de (F. Rosenau).
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2215-017X/ã 2016 Published by Elsevier B.V. This is an open access article under the Cbone regeneration and growth of special cell types like stem cells,
hepatocytes or ﬁbroblasts [7–9]. Furthermore, materials stability
to environmental parameters is crucial for the use of hydrogels in
complex environments like the human body which is strongly
inﬂuenced by and correlates with the pore size and distribution of
pores within matrices [9,10].
In recent years, extensive studies have been conducted on 3D
structures of hydrogels consisting of artiﬁcial precursors [11],
which are often outstanding due to their high mechanical and
chemical stability and their ability to be modiﬁed to generate pores
of desired sizes. Proteins, on the other hand, offer a great potential
for hydrogel applications as they consist of well-deﬁned and
characterized structures which are tunable in every possible way
to produce highly speciﬁc, innovative materials. In this study, a
protein based hydrogels was developed and the feasibility of
different, well available strategies for the production of macro
porous scaffolds for protein hydrogels and the properties of the
resulting protein networks were compared. Furthermore, the
feasibility for those materials in cell culture are evaluated.
A huge variety of techniques is available for tuning the 3D
structures of hydrogel materials, ranging from rather simple
approaches to sophisticated, new techniques from all different
ﬁelds of material science. A popular technique is electrospinning to
produce speciﬁc structures which can be controlled within a
certain range [12]. Charged threads are formed with the help of aC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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takes place when the polymer is drawn from the solution, resulting
in threads in the range of nm up to mm [12]. Further techniques like
soft lithography, photolithography, hydrodynamic focusing, elec-
tro-spraying and bio-printing have a high potential to properly
tune the exact size of the hydrogels pores [8,9], their structures and
their distribution within the matrix. However, most techniques
have one major drawback: they need special equipment, are often
very expensive in production or limited to a certain size, require
expert knowledge in different ﬁelds and often are not applicable
for protein based materials. Additionally, many of the needed
chemicals or procedures used are not cell compatible [13].
On the other hand, there are several simple and robust methods
which do not require special equipment, can be used in any lab at
any time and are very robust and easy to reproduce. One major
system is solvent casting, where particles of certain, well-
controlled size are homogeneously distributed into a solution
prior to solidiﬁcation [13]. Salt is the most widely used material,
due to its good availability at low costs. Apart from salt, affordable
materials like sugar, gelatin, parafﬁn or chalk are good substitutes
due to the potential to be eliminated from the polymer by heat,
dilution or pH switches [14,15]. Another important physical
approach to form pores is freeze drying, where ice crystals are
formed in the matrix upon freezing of the material [16]. By drying
the material in vacuum, water is sublimated leaving pores in the
zones which were previously occupied by ice crystals. In gas
foaming, a polymer solution is saturated with gas which is later
released from the material. Sodium bicarbonate can be used to
produce gas in solution which creates porous structures in the
hydrogel [1].
Here, we investigate the feasibility of freeze-drying, particle-
leaching and gradient freezing to control size and distribution of
pores within a protein hydrogel [17]. All methods are applicable in
every standard lab with cheap and well obtainable chemicals
(NaCl, CaCO3, liquid nitrogen, dry ice) and without special
equipment. Furthermore, swelling ratio, proteolytic degradation
and pH and temperature stability over a broad range were
investigated to detect the inﬂuence of preparation methods on
protein network properties. Finally, hydrogels were modiﬁed with
a cell-adhesive peptide to investigate its feasibility in cell culture
with two different cell lines.
2. Materials and methods
Bovine Serum Albumin (BSA) and Tetrakis (hydroxymethyl)
phosphonium chloride (THPC) were purchased from Sigma-
Aldrich (St. Louis, Missouri, USA), dilutions were stored at RT.
NaCl and CaCO3 were obtained from Carl Roth (Carl Roth GmbH
und Co. KG, Karlsruhe, Germany), Phosphate Buffered Saline was
purchased from life technologies (Carlsbad, California, USA).
Rhodamine-phalloidine was purchased from Thermo Fisher
Scientiﬁc (Waltham, Massachusetts, USA).
Hydrogels were prepared by mixing 100 ml of a 20% (w/v)
solution of BSA with the same volume of THPC to afford a 1:1 ratio
of reactive amine to hydroxy groups and polymerized in an open
96 well plate at RT within minutes.
To generate pores via freeze-drying, protein hydrogels were
transferred into Eppendorf-Tubes and lyophilized (FreezeDryer
Epsilon 1-6D, Christ, Osterode am Harz, Germany) over night at
85 C and 0.05 mbar.
For particle leaching, gels were polymerized in the presence of
NaCl and CaCO3 (Carl Roth GmbH und Co. KG, Karlsruhe, Germany),
respectively. Particles were added to hydrogels right after mixing
of protein with THPC, before polymerization could take place. NaCl
and CaCO3 were added until a saturation effect could be observed.
Half of NaCl and CaCO3 crystals were grinded to reduce salt crystalsize, half was left untreated. Solidiﬁcation took place within
minutes, leading to an even distribution of crystals in the hydrogel
matrix. Afterwards, polymerized hydrogels were transferred to
5 ml of H20 (pH 7.4 for NaCl and 6.5 for CaCO3) to dilute and remove
salt crystals and obtain porous hydrogels.
For gradient freezing, 200 ml hydrogels were polymerized as
described above and placed on a block of dry ice at 37 RT, leading
to speciﬁc site-directed freezing and channel formation within
hydrogel.
After pore generation in the matrix, gels were left at room
temperature for 24 h to evaporate water to get dried gels for further
use. The swelling ratio for different drying methods was
determined by transferring dried gels into 5 ml PBS, pH 7.4 at
RT. Swelling ratio was determined by the following equation as
soon as swelling equilibrium was reached:
Swelling ratio ¼Ws  Wd
Wd
Where Ws is the wet weight of the gel and Wd the weight of the
dried gel.
Thermal and pH resistance were determined by bringing
untreated or porous gels (200 ml) to a swelling equilibrium by
immersing gels in PBS. Afterwards, hydrogels were transferred to
5 ml solution at intended pH or temperature (pH 2, 7.4, 10 and
temperatures of 37 C and 80 C). Weight was determined at ﬁxed
time points over 7 days to determine residual weight. All experi-
ments were performed in triplicate.
In vitro degradation was determined for all modiﬁed hydrogels
and compared to unmodiﬁed ones. Gels were brought to a swelling
equilibration and immersed in enzyme solution of 300 Units
trypsin and pepsin at pH 7.4 and 2 respectively. Hydrogels were
removed from the solution, dried with a highly absorbent paper
and weighted every hour over a period of 12 h to determine
residual weight. All experiments were performed in triplicate.
In order to visualize three-dimensional structures of the
hydrogel, hydrogels were co-polymerized with the ﬂuorescent
dye rhodamine B (0.05 mg/ml (w/v)) and treated as described
earlier with different freezing or leaching techniques. Gels were
observed with a Zeiss Confocal 248 Microscope (Carl Zeiss Ag,
Oberkochen, Germany) with Zen software (Zen 2012 Sp1, 250 black
edition, Version 8,1,0,484) at an excitation wavelength of 561 nm to
reveal 3D structures. Different regions were cut to reveal pore
distribution in the gel, and distribution and size of the pores within
the matrix were analyzed using the GSA image analyzer software
(GSA Image Analyzer, GSA, Version 419 3.8.7).
Peptide synthesis. A microwave synthesizer (CEM Cooperation,
Matthews, NC, USA) with a standard fmoc solid phase was used.
The fmoc protecting group was removed with 20% (v/v) piperidine
in DMF and amino acid were added in 0.2 molar equivalent to the
reactor, followed by 0.5 molar equivalent HBTU and 2 molar
equivalent DIEA and repeated for all amino acids followed by
subsequent deprotection. The peptide was cleaved in 95% (v/v)
triﬂuoroacetic acid (TFA), 2.5% (v/v) triisopropylsilane (TIS), and
2.5% (v/v) H2O for one hour, precipitated and washed with cold
diethyl ether followed by vacuum drying.
Peptide puriﬁcation. The peptide was puriﬁed via reverse phase
preparative high performance chromatography in an acetonitrile/
water gradient under acidic conditions on a Phenomenex C18 Luna
column (5 mm pore size, 100 Å particle size, 250/21.2 mm).To
determine the peptide mass, a liquid chromatography mass
spectrometry approach was used. Finally, the peptide was freeze-
dried (Labconco, Kansas City, MO, USA) and stored at 20 C.
Cryo-scanning electron microscopy. Hydrogels were mixed
with 30% isopropanol over night during freezing procedure.
Samples were transferred into two low mass aluminum planch-
ettes and high pressure frozen (Engineering Ofﬁce M. Wohlwend
Fig. 1. Cryo scanning electron microscopy of untreated BSA Hydrogel at 10,000
(scale bar 5 mm) which was frozen under high pressure to maintain its native form.
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the gel. Under liquid nitrogen, samples were cut to produce
fractures in the gel and inserted into a freeze etching device BAF
300 (Bal-Tec, Principality of Lichtenstein) and dried at 90 C for
30 min, followed by coating with a 3 mm platinum layer followed
by subsequent analyzed with a cryo-stage Gatan 626 (Gatan-Inc.,
Pleasanton, California, USA). Samples were imaged at a tempera-
ture of 100 C at an accelerating voltage of 10 kV.
Confocal microscopy of cells. Hydrogels were polymerized as
described earlier in the presence of the RGD peptide in 8 well ibidi
m-slide and 2*105 cells were seeded onto the hydrogel. After 24 h of
adhesion, cells were ﬁxed in 3.7% formaldehyde, washed with PBS
and stained with 5 ml of 300U rhodamine-phalloidin in 200 ml PBS.
Cells structures and cell adhesion were observed with confocal
laser scanning microscopy at 561 nm with a Zeiss laser scanning
microscope (Carl Zeiss Ag, Oberkochen, Germany).Fig. 2. Inﬂuence of pore formation and pore size for a freeze-drying approach with protei
within the protein hydrogels matrix for hydrogels frozen in liquid nitrogen and at 20 C 
subsequent freeze-drying, stained with rhodamine B and investigated via confocal lase3. Results and discussion
Protein hydrogels have gained considerable potential for
biotechnological applications and are used in many different
ﬁelds [5,18–20]. In most applications, the production of hydrogels
with well-deﬁned macro porous structures is desirable simulta-
neously maintaining the overall stability of the resulting 3D
structures [21]. Here, we present a protein hydrogel which can be
manipulated with diverse, simple methods to produce hydrogels
with different architectures and compare the resulting materials
concerning stability, swelling ratio, resistance to external stimuli
and proteolytic resistance. Furthermore, the possibility to func-
tionalize hydrogels with a cell adhesive peptide was investigated
and the cellular growth of two cancer cell lines on the hydrogel was
observed.
One major problem in observing hydrogel architectures with
electron microscopy is the freezing procedure. The used freezing
procedure has a tremendous effect on pore sizes and pore
distribution in the material. To overcome this limitation, we used
a high pressure freezing approach to maintain the native structure
of the material as good as possible [22]. For further structural
analyses, confocal laser scanning microscopy was used which was
possible due to extended pore sizes in the hydrogels. This method
can be applied without additional freezing of the sample, which
guarantees the preservation of the materials native structure.
Electron microscopic analyzes revealed pore sizes in the unmodi-
ﬁed hydrogel in the range of several nm up to approx. 200 nm
(Fig. 1). This structure introduces a high stability into the material
and enables the diffusion of small molecules, but pores in the nm
range are too small for most cell culture applications, e.g. ingrowth
of axons into the template [23]. To change the structure of the
material, gels were treated with a freeze-drying method. Extended
slow ice crystal formation leads to replacement of gel structures
with ice crystals which sublime upon drying at low temperature,
while being gentle enough to create a porous network with intact,
interconnected pores. We found the freezing temperature to have
tremendous inﬂuence on gel structures: a shift from minus 20 C to
minus 196 C – accompanied by a faster freezing – decreased then based hydrogels frozen at different temperatures. (A) Size and distribution of pores
(B)(C) Hydrogels were frozen and in liquid nitrogen (B) and at 20 C (C) followed by
r scanning microscopy. Scale bar 50 mm.
Fig. 3. Size and distribution of pores in protein hydrogels treated with a salt-leaching procedure. (A) Size distribution of pores within the protein hydrogels matrix. The used
NaCl crystals were grinded with a pestle and mortar for a speciﬁc times: (B) 10 min. (C) 2 min. (D) 1 min. (E) not grinded. Protein hydrogels were stained with rhodamine B and
investigated via confocal laser scanning microscopy. Scale bar 50 mm.
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We suggest the reduced heat conduction in air compared to liquid
nitrogen to further increase freezing time and thus resulting pore
sizes. With this technique the biggest pores could be achieved. An
alternative technique which does not require special equipment or
chemicals is particle leaching. Solid particles are incorporated into
the material prior to polymerization and later eluted by changing
conditions [15]. To study the inﬂuence of used particle, two
different chemicals were used, NaCl and CaCO3. Both were added
prior to solidiﬁcation and later removed by increasing water
volume for NaCl and acidiﬁcation for CaCO3 respectively. Further-
more, both particles were grinded to determine the correlation
between particle sizes on pore formation. Laser scanning confocal
microscopy revealed adjustable pore sizes depending on the extent
of grinding. For untreated salt crystals, pore sizes of about 50 up to
90 mm radius could be created (Fig. 3). Furthermore, salt crystalsFig. 4. Size and distribution of pores in protein hydrogels treated with a chalk-leaching
hydrogels which were mixed with untreated CaCO3 (B) and CaCO3 which was grinded wit
investigated via confocal laser scanning microscopy. Scale bar 50 mm.which were pesteled for 1, 2 and 10 min were used and different,
signiﬁcantly smaller pores could be created. Especially for well-
pesteled salt crystals (10 min), very small pores of about 10 mm
with a very narrow distribution in size were observed (Fig. 3). For
CaCO3, small pores with an average size between 10 and 20 mm
were produced, whereas there was no difference between pesteled
and untreated CaCO3, leading to the conclusion that standard
CaCO3 particles are already too small to be further decreased in size
by standard grinding (Fig. 4). Yannas et al. [10] concluded in their
study about dermal skin repair that the optimal range for this
application would be pores with a radius of 10–62.5 mm, and
Klawitter et al. concluded in a comprehensive study about pore
sizes for cell growth of cells into a ceramic material intended for
internal use to be optimal above 25 mm and below 100 mm radius
and concluded the optimal size for ﬁbroblast ingrowth to be
2.5–7.5 mm and for osteoid ingrowth to be 20–50 mm radius [24]. It procedure. (A) Size distribution of pores within the protein hydrogels matrix for
h a pestle and mortar for 10 min. (C). Hydrogels were stained with rhodamine B and
Fig. 5. Structure of protein hydrogel which was treated with a gradient freezing
method: protein hydrogels were placed on a block of dried ice at 37 C for 10 min,
stained with rhodamine B in PBS for 30 min and visualized with confocal laser
scanning microscopy at 514 nm. Scale bar 50 mm.
10 N. Bodenberger et al. / Biotechnology Reports 12 (2016) 6–12can be concluded that the very simple procedures described here
are already sufﬁcient for most applications in 3D cell culture as the
radius of the resulting pores sizes can be tuned within the range of
10–80 mm (Figs. 2–4). Furthermore, these methods do not include
any harmful or toxic components which remain in the network and
might inﬂuence cell growth. Finally, a gradient freezing procedure
was applied to form channels within hydrogels. Channel structures
within a matrix have already been shown to facilitate the growth of
axons in rats [23] and to enable linearly oriented nerve guidance
with a mean pore radius of about 65 mm [25]. In this study,
different setups with liquid nitrogen and dry ice were examined;
hydrogels transferred into a puddle of liquid nitrogen showed fast
evaporation effects and unequal freezing, resulting in a broken
network with uneven pore distribution (data not shown). Best
results were achieved when protein hydrogels were put onto a
block of dried ice at 37 C for about 10 min. High gradients in
temperature lead to a gradual freezing of ice crystals, leading to
channel formation in the gel with a pore radius of about 25 mm inTable 1
Inﬂuence of hydrogel preparation methods on hydrogel pH resistance, temperature resi
Values represent the average residual weight [%] of hydrogels after 7 days.
Preparation Method Residual weight at
pH 2.0 [%]
Residual weight at
pH 7.4 [%]
Residual weight a
pH 10.0 [%]
Grinded salt particles
(10 min)a
96.2  3.3 94.4  4.2 86.1  3.2 
Untreated salt
particles
95.3  3.8 95.6  2.3 82.1  4.4 
Frozen at 20 C 94.4  3.4 95.3  5.6 76.3  5.5 
Frozen in liquid
nitrogen
96.2  5.2 94.2  3.2 83.2  4.3 
CaCO3 particles 94.2  6.2 95.5  3.2 82.3  4.4 
Gradient freezing on
dry ice
89.7  4.3 94.1  3.2 84.2  4.5 
Untreated protein
hydrogels
69.5  4.4 98.2  1.6 42.3  4.1 
aNaCl crystals were grinded with a pestle and mortar for 10 min prior to useaverage and a length of several hundreds of mm (Fig. 5). Those
networks may be used for growth of speciﬁc cell types along the
channels while the procedure is facile and does not require any
special equipment.
Hydrogel resistance against temperature and pH is crucial for
many features as hydrogels have to be stable under cell culture
conditions for a prolonged time, have to be able to cope with
harmful metabolic products, with acidic or basic conditions in the
medium and with secreted proteolytic enzymes [21]. This is
generally easy to fulﬁll for gels produced from non-natural or
chemically synthesized compounds but often poses severe
problems for protein hydrogels which are composed of a natural
polymer and thus are often much weaker under these conditions
[26]. Concerning thermal and pH resistance, particle leaching did
not seem to have a tremendous inﬂuence on hydrogel properties as
residual weight never fell below 90% for pH 2.0, 7.4, RT and 37 C
(Table 1). For basic conditions and high temperatures, a higher
decrease in weight could be detected, whereas the type of
technique does not seem to have any inﬂuence on stability,
although less weight is lost than in untreated gels. To sum it up,
none of the here presented methods seem to negatively inﬂuence
the stability of the BSA material, making all methods useful for the
manipulation of 3D structures for this protein based material.
Swelling ratio has to be taken into consideration as it is a good
measurement for the free water within the matrix, which is crucial
the use of hydrogels in 3D cell culture [27]. Here, swelling ratio
varies between 534% and 1312% (Table 1) and values seem to
correlate directly with the size of the pores. For hydrogels with
pesteled NaCl crystals, the smallest pores and the lowest swelling
ratio could be detected, whereas highest ratio was found for pores
with biggest pore sizes. For cell culture application, a highly
hydrated environment is desirable because it leads to better
nutrition of cells, higher diffusion rates of supplements and fast
removal of toxic metabolites [27]. On the other hand, pore size has
to be in a good range to allow cell growth and inﬁltration. No
matter which procedure was applied, water uptake was only
inﬂuenced by pore size.
The degradability of hydrogels is often desirable for many
applications but quite often difﬁcult to realize for hydrogels made
from artiﬁcial precursors. To overcome this problem, a protease
sensitive BSA backbone was used as a cleavable component.
Hydrogel degradation by enzymatic degradation is greatly
accelerated upon pore size enlargement. A decreased degradation
time is often required for hydrogel removal; networks should be
destabilized to a breakdown point and eventually be completely
removed [28]. It takes days to degrade tightly crosslinked
hydrogels like the presented BSA-THPC hydrogels [17] as enzymesstance and swelling ratio measured after a period of 7 days at described conditions.
t Residual weight
at RT [%]
Residual weight at
37 C [%]
Residual weight at
80 C [%]
Swelling ratio
[%]
95.4  0.42 97.4  0.4 83.6  4.5 534%  45%
97.4  4.4 95.3  4.2 81.2  4.4 1153%  110%
91.3  2.2 93.2  3.3 84.2  4.9 1312%  91%
94.3  4.1 96.2  1.9 83.5  3.4 834%  78%
99.3  5.5 96.5  2.1 78.4  1.3 746%  64%
97.1  1.9 95.3  4.3 91.4  8.1 823%  163%
99.1  2.2 98.3  3.4 70.2  6.2 –
Fig. 6. Representative enzymatic degradation pattern for macroporous hydrogels
treated with a particle leaching approach and incubated with 300 U of trypsin (pH
7.4) and pepsin (pH 2.0) over a period of 12 h.
Fig. 7. Growth and adhesion of cells onto a functionalized protein hydrogel. 2*105
cells were seeded onto a hydrogel surface on native (left side) and functionalized
(right side) hydrogels. To functionalize hydrogels, a cell-adhesive RGD peptide was
co-polymerized during hydrogel formation. After 24 h, the cells were stained with
5 ml of 300 U phalloidin-rhodamine B in 200 ml PBS and cellular adhesion of
MCF7 and A549 cells was observed at 514 nm at a confocal laser scanning
microscopy.
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inside of the network, thereby leading to minor changes in the
beginning but causing a complete breakdown of 3D network after a
certain time. As for gels with extended pore sizes, enzymes can
cause proteolytic degradation at different location in the network
at the same time, thus decreasing degradation time to several
hours (Fig. 6). The temperature shift prior to drying – and the
resulting increased pore size – further decreases the half-life of
hydrogels from 2.4 h to 3.8 h for pepsin degradation and from 3.2 h
up to 6.5 h for trypsin degradation respectively. A clear trend can be
observed as pore sizes correlate with the degradation time, leading
to a difference in half-life up to 17-fold (Table 2). As many
hydrogels are designed for internal use, this has to be taken into
consideration as proteolytic processes take place in large scale in
the body.
In order to investigate the principal potential to use the
presented macroporous materials in cell culture, the matrix was
co-polymerized with a cell adhesive RGD peptide. A speciﬁc linker
with a free primary amine was used to link the peptide during
polymerization with the hydroxy groups of THPC and thus with the
backbone of the gel. Human breast cancer cells and adenocarci-
nomic human alveolar basal epithelial cells were seeded onto the
surface of a polymerized hydrogel and observed via laser scanning
confocal imaging. For untreated hydrogels, no cell adhesion was
detected whereas cells on functionalized hydrogels showed a
strong adhesion onto the material (Fig. 7). This easy, single step co-
polymerization of peptide to promote cell adhesion can be applied
in both two dimensional as well as in three dimensional systems,
making the produced hydrogel a versatile system for cell culture
application.Table 2
Inﬂuence of hydrogel preparation methods on enzymatic degradation pattern for tryps
Half-life of pepsin-treated 
Pesteled salt particles (10 min)a 4.0  0.21 
Untreated salt particles 3.1  0.20 
Frozen at 20 C 2.4  0.14 
Frozen in liquid nitrogen 3.8  0.17 
CaCO3 particles 3.0  0.24 
Gradient freezing in dry ice 3.5  0.24 
Untreated protein hydrogels 46.5  0.39 
a NaCl crystals were grinded with a pestle and mortar for 10 min prior to use.4. Conclusion
With the presented degradable protein hydrogel and some
cheap and facile methods (particle leaching, freeze-drying and
gradient freezing), hydrogel structures could be manipulate to
form pores from 5 to 90 mm in radius and channels with a length
up to several hundreds of mm and an average size of 25 mm radius,
which covers most desired application for 3D cell culture [9,10,29].
Free water content within the matrix directly depends on pore size,
and none of the procedures seemed to inﬂuence stability towards
pH and temperature. Furthermore, hydrogels are enzymatically
degradable due to the cleavable BSA backbone. Two different cell
lines, A549 and MCF7 cancer cells lines showed a strong adhesion
onto the material and were successfully grown on top of RGD
functionalized hydrogels. We consider the developed material,
especially because of the low costs and the simplicity to tune and
modify hydrogels properties, to be a good option for initially
evaluate 3D cell culture application while more sophisticated,
high-tech approaches can still be put into effect for more speciﬁc
questions.in and pepsin (300 U). Values represent half-life of hydrogels in solution [h].
hydrogels [h] Half-life of trypsin-treated hydrogels [h]
7.4  0.28
4.5  0.23
3.2  0.21
6.5  0.13
4.0  0.19
4.2  0.19
55.0  0.31
12 N. Bodenberger et al. / Biotechnology Reports 12 (2016) 6–12N.B and F.R. thanks the “Baden-Württemberg Stiftung” for
funding the work in the project in the framework “Bioinspired
Materials Synthesis”.
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